ABSTRACT
In this work, we present a study on the interlayer tunneling spectroscopy of the mixedphase BiSrCaCuO (BSCCO) superconducting whiskers. Cross-whisker junctions were prepared only by an annealing process without requiring a long lithography processes. The tunneling experiments were carried out on the cross-whisker junctions. A multiple superconducting energy gap in the cross-whisker junctions was observed, which is attributed to the presence of different doping levels of two Bi 2 along the c-axis in which the superconducting CuO 2 layers alternate with BiO and SrO layers [1] . Weak interlayer coupling between the layers along c-axis leads to the formation of the atomic-scale intrinsic tunneling junctions. The interlayer tunneling spectroscopy (ITS) is an effective technique to determine both the superconducting energy gap and the quasi-particle density of state [2] [3] [4] . The tunneling spectroscopy provides a unique opportunity to probe bulk electronic properties of the crystal stack, independently from the adverse effect of sample surface.
Y. Koval et al. [5, 6] reported that the superconductivity of the Bi 2 Sr 2 CaCu 2 O 8+δ single crystals can be tuned by carrier injection process. Additionally, the carrier injection allows to study on the same sample without changing the chemical composition. When an intensive current is applied along the c-axis, the accelerated electrons are trapped eventually in the SrO or BiO layers. By a charge compensation, these electrons trapped in the insulator layers induce the change of the hole concentration in the superconducting planes. Simultaneously, the trapped electrons give rise to an intrinsic electrostatic field inside crystal and the field invokes the hole doping in the superconducting CuO 2 layer [7] .
This study investigates the tunneling spectroscopy of the mixed-phase BSCCO single crystal whisker, Bi 2 Sr 2 CaCu 2 O 8+δ and Bi 2 Sr 2 Ca 2 Cu 3 O 8+δ (Bi-2212 and Bi-2223). The tunneling spectroscopy experiments were carried out on the cross-whisker junction to investigate the superconducting energy gap, Δ S , of the mixed-phase BSCCO whisker.
Temperature dependence (T-dependence) of the energy gaps was also discussed. The evolution of the superconducting energy gap by carrier injection was investigated.
Three different cross-whisker junctions were prepared in this study. The first two junctions were used to characterize the cross-whisker junctions fabricated using the mixedphase BSCCO whiskers. The other was used to investigate the evolution of the superconducting energy gap by the carrier injection. Whiskers in the present study were grown on the BSCCO glass plates prepared by the glass-ceramic technique. Detailed information on the whisker growth can be found in ref. [8] . It was found that the fabricated whiskers were in the underdoped region and possessed two different phases (Bi-2212 and Bi-2223) with T c(0) of 68 K and 105 K, respectively.
In order to prepare the junctions, two different whiskers were mounted crosswise with an angle of 90 degrees on a MgO (100) substrate [9, 10] . Cross-bars were post-annealed in air at 840 °C for 30 min. In order to show whether or not the cross-whisker junctions fabricated using the mixedphase BSCCO whiskers exhibits ideal junction characteristic, I-V characteristic of a crosswhisker junction was measured. T-dependence of I-V characteristic for a cross-whisker junction fabricated is shown in Figure 3 . Inset of the figure 3 shows the T-dependence of normal state resistance, R n, calculated from the slope of normal state portion of the tunneling I-V curves. Normal state resistance increased by 1.56 % with increasing temperature from 4.2 K to 60.7 K. This is evidence that the junctions showed almost pure tunnel junction behavior because R n in the tunnel junction is the temperature independent [11] .
Δ S can be determined from the sharp conductance peak at ITS characteristic. The gap, from zero voltage to the sharp peak, gives Δ S (V = 2Δ/e). Figure 4 shows the ITS characteristic of the cross-whisker per junction at different temperatures.
As emphasized above, the single-crystal whiskers used for the junctions showed two different phase transitions as Bi-2212 and Bi-2223. It is expected that electrical current flows between these phases in the superconducting state [12] and then two different conductance peaks at ITS characteristic due to tunneling.
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Ones can claim that the first peak at low energy region corresponds to the energy gap ( −2212 ) of the Bi-2212 phase, while the second peak at higher region to the energy gap ( −2223 ) of the Bi-2223 phase. However, The detailed quantitative analysis of Δ S of the crystal stacks are presented as a function of the temperature in figure 5 and the T-dependence of the peak at higher voltage ( ℎ ℎ ) indicates that ℎ ℎ collapsed almost at the same temperature as the peak at lower voltage ( ), Whereas the superconductivity for Bi-2223 is expected to disappear above 105 K. This is evidence that this differences is due to different doping levels of two Bi-2212 phases that have more or less the same Tc. About the heat treatment, that was necessary to join the whiskers, this is expected to produce an O-depleted region at the boundary between the (more or less square) junction area and the external environment. The thickness of the external O-depleted region depends on the duration of the heat treatment and it is expected that this region has lower doping level, if it is compared to other regions of whisker. Both of these regions are expected to contribute to both the c-axis R-T and I-V measurements as two in-parallel resistances.
Bi-2223 phase always appears as an intergrowth phase, which means that it is made up of filaments running along the a-axis, just one-cell thick in the c-axis direction [13] . Although they are detectable in the R vs T measurement when current is flowing along the a-axis because the cumulative length of all of the filaments is not negligible, the Bi-2223 volume is very small (much less than 0.5%) and a picture which depict this situation can be found in Fig.8 of ref [14] . This might be another reason which supports the idea that two different conductance peaks at ITS characteristic are due to different doping level of two Bi-2212 phase rather than two different phases such as Bi-2212 and Bi-2223.
In figure 5b , a second data was also given to show the reproducibility of experimental results. Data were fitted to the BCS T-dependence [15] given by
Δ(T) = Δ(0) tanh[A(B((T c T ⁄ ) − 1)) c ]
Here, A, B and C are fitting parameters and were found to be 1.82, 1.018 and 0.51, respectively. T-dependence of both and ℎ ℎ shows a parabolic decrease with increasing temperature and a collapse of the gaps at temperatures close to T c , figure 5a and b .
However, a deviation from the BCS T-dependence was observed, indicating that the gaps dropped slightly more rapidly than the BCS prediction. The temperature dependence might be influenced by proximity effect between material of the different phases The detailed information about the physical mechanism behind hole doping by the carrier injection is given in [5, 7] .
This effect is reversible [5] . In order to obtain the undoping effect, the bias current was increased in the range of 10.44 ̶ 11.19 mA at 4.2 K and the voltage on the sample increased again in a constant current mode and the crystal stack shifted to highly underdoped state ( holes number /Cu atom, p= 0.104).
After both doping and undoping process by the carrier injection, I-V characteristics of the cross-whisker junction were measured at 4.2 K, figure 7 . Initially, the junctions had very small critical current, I c . Doping of the crystal stack by the carrier injection led to an increase by  24% at I c of the IJJ's. On the other hand, I c of IJJ's decreased by  26% after the undoping process. Additionally, it is seen that the voltage value, at which superconductivity disappeared, shifted to lower values. Inset of figure 7 shows one by one switching of the junctions into the resistive state, in which multiple quasi-particle structures appeared. It was found that I c of the quasi-particle branches are significantly different from each other, indicating the presence of inhomogeneous state in the underdoped region. Figure 8a shows ITS characteristics in different doping levels. After carrier doping by carrier injection, the peaks became sharper than ones after the undoping process. Zero-bias peak due to Josephson current increased by carrier injection, which indicates the change in the carrier concentration. Figure 8b presents the detailed analysis of the doping dependence of I c and Δ s . It is difficult to determine a unique I c for the crystal stack in the underdoped region because of the highly inhomogeneous state. Therefore, the junction with the highest I c was analyzed. It can be clearly seen that the carrier injection effect caused an exponential increase at I c , while Δ s exponentially decreased with increasing the doping level. There are also several studies in the literature, which indicate that the c-axis critical current density, J c , changes exponentially with the doping level or oxygen excess δ [16] [17] [18] .
It was reported that there is a large inhomogeneity among the I c values of quasiparticle branches in the underdoped region [5] . Similar results to ref [5] were observed for a minimum of 0.35 mA and a maximum of 3.5 mA in the cross-whisker junctions, inset of figure 7. Such a large inhomogeneous state leads to a highly incoherent interlayer tunneling within the crystal stack and thus to a significant decrease in Δ s . Similarly, the anticorrelation between I c R n and Δ s in the underdoped Bi-2212 was previously reported [19, 20] .
In conclusion, we have showed that multiple superconducting energy gaps at ITS characteristic are due to different doping levels of two Bi-2212 phases rather than two differen phases. 
